This paper presents a method to study the vector magnetic properties of magnetic materials under alternating and rotational magnetic field using 2-D vector hybrid hysteresis model. Combining Preisach model and Stoner-Wohlfarth (S-W) model, the vector hybrid hysteresis model is established for magnetic materials. The alternating and rotational hysteresis properties are calculated under different excitation frequency, respectively. And the computed results are compared with the experimental measurement ones. It is shown that the vector model can simulate the alternating and rotational magnetic properties effectively under low magnetization fields and low excitation frequency. Index Terms-Hybrid hysteresis model, magnetic materials, vector magnetic properties.
vector properties but it can't be used under rotational applied field [4] . The Della Torre, Pinzaglia and Caredelli (DPC) model [6] - [8] and Preisach-Stoner-Wohlfarth (PSW) model [9] - [11] are two vector hybrid hysteresis model, which are established based upon the merging of the Preisach model and the S-W model theory at last decade. In the PSW model, the angle of the magnetization is defined by net field, while in the DPC model, the direction of magnetization is determined by the S-W model, and its magnitude can be calculated by the Preisach model. These models combine the advantages of classical models and can simulate the vector magnetic characteristics of magnetic materials more precision in theory.
In previous papers we have presented a new definition method of hysteresis operator and studied the complex rotational magnetic properties of the soft magnetic composite (SMC) materials [12, 13] . In this paper, a two-dimensional vector hysteresis model is established in order to analyse the complex magnetic properties of magnetic material. The hysteresis properties are calculated under different magnetic field frequency and different magnetization fields, respectively. The numerical results are compared with the experiment ones which are obtained by the measurement experiment using three-dimensional magnetic properties tester. Results shows that the simulate method is valid under the low field strength and low excitation frequency.
II. THE DEFINITION OF HYSTERON
The core of the hybrid vector hysteresis model is the definition of hysteron. In this section, we take one isotropic particle as an example to introduce the equipotential curves of the magnetic materials. The isotropic particle is saturated in a magnetization axis, so that we can describe its state by giving the orientation of its magnetization vector M, or, equivalently, of the unit vector m = M/Ms, where Ms is the Saturation magnetization of the magnetic materials. When an external field Ha is applied, M will rotate toward to the applied field. The behavior of the particle is governed by the energy of interaction with the applied field. Combined the modeling principle of S-W model, the parametric representation of the equipotential curves can be obtained by deriving from energy equation. Taking the effect of interaction field Hi between magnetic particles into account, the parametric representation of the equipotential curves can be described as (1) where Hix and Hiy are two components of interaction field Hi along the coordinate axis, the parameter e represents the constant value of energy along the curve.
The hysteron is defined by the parametric representation equation of equipotential line in stable state. Each hysteron is defined as a closed area bounded by the equipotential curves of the magnetic particles in the applied field space with unit vector magnetization intensity. The direction of magnetization direction is determined according to the astroid properties of S-W model.
A hysteron without interaction field and the magnetization directions under alternating applied field are shown in Fig. 1 . The applied field is gradually increased from A to B. For the applied field outside the critical surface, magnetization is directed along the radial line from the center of the hysteron to the considered point. For fields inside the critical surface, the magnetization is frozen to the direction that it had just before it entered the critical surface, and it remains constant until it exits the critical surface. There have a barkhausen jump when the applied field crosses the critical surface from inside to outside.
The hysteron satisfies the second principle of thermodynamic and the Mandelung rule describing the magnetic hysteresis. It has the vector congruency property and vector deletion property, can simulate vector hysteresis effectively.
III. VECTOR MAGNETIC PROPERTIES MODEL
In this paper, the hysteron is defined by the equipotential curve in the magnetic field H. Each hysteron is a calculating unit, referred to as hysteresis operator. The vector magnetic properties model is established based on the definition of hysteron. The magnetization contributions of each hysteron is calculated by Eq. (2) . (2) where Mj is the magnetization contribution generated by the jth hysteron, which has unit magnitude, Pj is the distribution function of the jth hysteron, which indicates the existence probability of the jth hysteron with parameters Hixj, Hiyj and ej.
In this paper, the distribution functions of hysterons use the hysterons' probability distribution in total, calculated by the formula: Pj = n j/Nsum. And mj is the magnetization vector of the jth hysteron.
The total magnetization is computed as the vector sum of magnetization contributions generated by every hysteron. The (3) where Nsum is the total number of the hysterons considered in the calculation.
Take the alternating magnetization of three hysterons with different interaction field as an example to introduce the implementation of the vector hysteresis model, as shown in Fig.  2(a) . The total magnetization is computed as the vector sum of magnetization contributions generated by three hysterons. The equation can be described by Eq. (4) . (4) where the distribution functions Pj of each hysteron is 1/3. And m1, m2 and m3 are magnetization vector of each hysteron. The magnetization (hysteresis) loops correspond to path l1: A1-B1-A1 are shown in Fig. 2(b) . In this case the absolute value of the magnetization at saturation state in a.u. is 3. There have three barkhausen jumps when the applied field crosses the critical surface of each hysteron from inside to outside. When a number of hysteresis operators are considered, the calculated hysteresis loop becomes very smooth. Fig. 3 shows the magnetization (hysteresis) loops of magnetic materials with saturation magnetization intensity Ms=1.7T under alternating magnetic field, which are calculated by the vector Magnetic properties model. In order to verify the practicability and validity of the model, the magnetic properties of SMC material were calculated under the alternating excitation field by using the vector hysteresis model. The calculated results were compared with the measured results which were tested by the improved 3-D tester with flexible excitation coils and novel sensing coils [14] - [20] . The test sampled is a cubic SMC sample (22 mm 3 ) named SMC-SOMALOY TM 500. In order to compare the experimental data and the calculated ones, the magnetic flux density B is converted to magnetization M by using Eq.(5).
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The magnetic properties of SMC-SOMALOY TM 500 were measured under the given alternating experimental condition. And the alternating magnetic properties of the SMC material are calculated by using the vector hysteresis model under the density of alternated applied field is about 0.5T-1.3T when the frequency is 5Hz, 0.5T, 1.5T when the frequency is 20Hz, and 0.5T, 1.6T when the frequency is 50 Hz, respectively.
The comparison between the calculated magnetization loci and measured ones are shown in Fig. 4 (a) , (b), Fig. 5 (a) , (b) and Fig. 6 (a) The solid lines represent the measured the magnetic loops, and the dotted lines refer to the computed ones. The data used in calculations are based on the experimental measurement. Because of the measurement error, the densities of alternated applied field at different frequencies are slightly different. The magnetic field intensity measured near saturation at different frequencies was 1.3T, 1.5T and 1.6T, respectively. And there have small flaws in calculation curve due to the presence of measurement error.
From the comparison loci shown in Fig. 4 (a) , Fig. 5 (a) and Fig. 6 (a) , it can be concluded that the hysteresis loops are matched well with the measured loops when the density of alternated applied field is 0.5T at different frequencies. The results show that the effect of frequency is not very great when the magnetic field intensity is 1.5T. From the comparison loci shown in Fig. 4 (b) , Fig. 5 (b) and Fig. 6 (b) , it can be seen that the magnetic loops are matched well with the measured loops when the frequency is 5Hz. But the magnetic loops are not matched well with the measured ones when the frequencies are 20Hz and 50Hz. The results show that the effect of frequency is great when the magnetic field intensity near to the saturation.
Comparing Fig. 4 , 5 and 6, the calculated magnetic loops show good agreement with the measured ones for low magnetic field intensity and low excitation frequency. With the increase of external magnetic field, especially when it close to the saturation field of materials, the consistency between the calculated results and the measurement results decreases. It is because that the properties of materials appear non-linear and anisotropic when approaching the saturation magnetization field. The measurement results were measured under the influence of these factors. These effects are not considered in the numerical simulation, so the simulation precision is decreased when the frequency increases.
The rotational properties of SMC-SOMALOY TM 500 can be calculated using the vector model, too. The incentives data used in calculation are five 2-D circular rotational magnetic fields when the frequency is 5Hz. The comparison between the calculated magnetization loci and measured ones are shown in Fig. 5 , respectively. The solid lines represent the measured the magnetic loops and the dotted lines refer to the computed ones. From the comparison loci, it can be concluded that the rotational magnetic loops under low magnetic field strength are matched with the measured loops better than high ones. The conclusion can be obtained from Fig.4 , 5, 6 and 7 . The alternated magnetic loops are matched with the measured loops better than the rotational ones. The frequencies of applied field have influence to the simulation result, especially for rotating magnetic field. It can be described as that the vector model can simulate the alternated and rotational magnetic properties under the low strength and low frequency applied field.
V. CONCLUSIONS
A simulation method of the vector magnetic properties of magnetic materials is presented based on 2-D hybrid hysteresis model. The alternated and rotational magnetic properties were studied under different excitation conditions, respectively. The comparison shows that results under low excitation frequency had better agreement with measured ones than high excitation frequency, and the simulation of alternated properties is better than rotational ones. It is indicated that the simulation method can simulate well the alternated magnetic properties with low applied magnetization fields and low excitation frequency.
